Abstract Aneurysmal bone cysts (ABCs) are benign bone lesions arising predominantly in the pediatric population that can cause local pain, swelling, and pathologic fracture. Primary lesions, which constitute roughly two thirds of all ABCs, are thought to be neoplastic in nature, with one third of ABCs arising secondary to other tumors. Diagnosis is made with various imaging modalities, which exhibit characteristic features such as Bfluid-fluid levels,^although biopsy is critical, as telangiectatic osteosarcoma cannot be excluded based on imaging alone. Currently, the standard of care and most widely employed treatment is intralesional curettage. However, tumor recurrence with curettage alone is common and has driven some to propose a multitude of adjuvants with varying efficacy and risk profiles. Historically, therapies such as en bloc resection or radiation therapy were utilized as an alternative to decrease the recurrence rate, but these therapies imposed high morbidity. As a result, modern techniques now seek to simultaneously reduce morbidity and recurrence, the pursuit of which has produced preliminary study into minimally invasive percutaneous treatments and medical management.
Introduction
Aneurysmal bone cysts (ABCs) were first described by Drs. Jaffe and Lichenstein in 1942 when they described pelvic and spine lesions that Bwhen exposing the lesion and opening into its thin wall, the surgeon was immediately confronted by a large hole containing much fluid blood…^ [1] . The name aneurysmal bone cyst has proven to be a misnomer, however, as these lesions are neither aneurysmal nor truly cystic, as they lack an endothelial wall. Instead, these benign expansile lesions produce cavities within the bone that fill with blood and are lined by proliferative fibroblasts, giant-cells, and trabecular bone [2, 3] . ABCs were historically believed to result from increased venous pressure causing extravasation of cellular and blood contents into cyst-like voids in the bone [4•] . More recently, identification of a genetic driver-a translocation induced up-regulation of the ubiquitin-specific protease USP6 (Tre2) gene-has defined at least a subset of ABCs to be a primary neoplasm [4•] .
ABCs are commonly seen during childhood and young adulthood with a median age of 13 years, and 90 % of lesions are found prior to age 30 [5] . Females are slightly more affected with an estimated M:F sex ratio of 1:1.16 [5] . ABCs have a predilection for the metaphysis of long bones including the femur (Fig. 1) , tibia/fibula, and upper extremity (Fig. 2) . However, ABCs can present in the spine, pelvis, sacrum, clavicle, foot, and fingers, rendering this a disease that can afflict the entire skeleton (Fig. 3) . ABCs are generally solitary and are currently thought to arise either as a primary neoplasm (translocation driven) or secondary lesions arising adjacent to osteoblastomas, chondroblastomas, or giant cell tumors, among others [6, 7] .
The clinical presentation of pain and swelling, with or without pathologic fracture, is a characteristic of ABCs. The overarching treatment goals are to halt progression of the lesion, relieve pain, prevent or stabilize pathologic fractures, and reduce recurrence rates. To this end, various treatment modalities have been described, ranging from surgical procedures to radiation to medical therapies. Recently, there has been a growing interest in less invasive approaches, as the natural history of primary aneurysmal bone cysts has been debated.
Clinical presentation
ABCs cause pain and swelling in close proximity to the affected bone. Due to its aggressive erosion of boney architecture, ABCs can lead to impending or pathologic fracture, which can acutely worsen symptoms. Within the spine, lesions may cause neurological deficits secondary to mass effect impinging on the spinal cord or exiting nerve roots [8] . As ABCs commonly manifest in the pediatric population, growth plates can be affected leading to limb deformity and length discrepancies.
Oncogenic basis of primary aneurysmal bone cysts
ABCs were traditionally thought to arise as reactive lesions due to increased venous pressure resulting in expanding bone voids filled with blood. However, more recently, primary ABCs have now been identified as an independent neoplasm. The oncogenes responsible for ABCs are formed secondary to gain-of-function translocations of t(16;17)(q22;p13) involving a gain-of-function of TRE17/USP6 (ubiquitin-specific protease USP6 gene) [4•] . In ABCs, this mutation causes the induction of matrix metalloproteinase (MMP) activity via NF-kB [4•] . MMPs function to degrade extracellular matrix (ECM) components, allowing for the growth and rapid expansion of ABC lesions [4•] . Despite the oncogenic activation of USP6 gene in ABC, the tumor is generally thought to have no malignant potential. 
ABCs secondary to other bone tumors
ABCs also occur secondary to other bone tumors such as chondroblastomas, giant cell tumor, chondromyxoid fibroma, non-ossifying fibromas, or fibrous dysplasia [6, 7] . These secondary ABCs account for nearly 30 % of all ABCs, and they are not considered a neoplasm because no known translocation or genetic aberrancy is present [7] .
Diagnosis

Imaging characteristics
Upon the onset of symptoms, radiographic studies such as Xray are often the first diagnostic clue of ABCs. On plain film X-ray, ABCs classically appear as eccentrically located radiolucent cystic lesions circumscribed by a thin layer of the (Fig. 1a, b) . Trabeculations within the lesion can impart a multi-locular appearance, which has been colloquially described as a Bsoap bubble appearance.^However, plain radiographs alone do not suffice in fully characterizing the lesion necessitating cross-sectional imaging modalities. In a study evaluating the accuracy of plain X-ray and MRI in the diagnosis of ABCs, Mahnken et al. found that utilizing both modalities in conjunction improved the specificity and sensitivity of diagnosis compared to their use in isolation. Computed tomography scans can define the osseous borders of the lesion. Magnetic resonance imaging (MRI) can delineate Bfluid-fluid levels,^which, in ABCs, represent the layering of blood of differing densities atop one another. In addition, MRI can reveal internal septations, peri-lesional extension, and edema [9, 10] (Fig. 1d, e) . However, the aforementioned features such as the Bsoap bubble^and Bfluid-fluid levels^are not pathognomonic for ABCs as other lesions such as unicameral bone cysts, giant cell tumors, osteoblastoma, and telangiectatic osteosarcoma can demonstrate these features.
Histological analysis and the role of biopsy
Histological evaluation is mandatory for the accurate diagnosis of ABCs. Grossly, ABCs are spongy, hemorrhagic masses covered by a thin shell of the reactive bone. Microscopically, red blood cells and often pale brown hemosiderin are abundant, filling cyst-like spaces bounded by septal proliferations of fibroblasts, mitotically active spindle cells, osteoid, calcifications, and scattered multi-nucleated giant cells [11] (Fig. 1c, f ).
An accurate and timely diagnosis of ABC is critical because the differential diagnosis includes both benign and malignant lesions. An important malignant lesion to differentiate from ABC is telangiectatic osteosarcoma (TOS), as TOS can exhibit osteolytic expansile lesions on plain X-ray and hemorrhagic Bfluid-fluid levels^within cystic cavities on MRI that are difficult to distinguish from ABCs ( Fig. 4a-d) . On lowpower histologic examination, the appearance of TOS and ABC overlaps considerably. However, upon high-power histological evaluation, TOS lesions exhibit viable high-grade, malignant appearing, sarcomatous cells along its periphery and septations as opposed to the septal proliferations of fibroblasts found in ABCs [12] (Fig. 4e) . In a review of 40 TOS cases, Murphey et al. proposed three imaging features that suggest the diagnosis of TOS over ABC: (1) thick, nodular, and contrast enhancing tissue surrounding the cyst-like spaces on cross-sectional imaging as opposed to the thin non-nodular borders of ABC, (2) the detection of matrix mineralization reflecting an underlying osteoid-producing tumor, and (3) cortical destruction indicative of the more aggressive lesion with associated soft-tissue mass as opposed to the typically welldefined encapsulated margins of ABC and lack of soft-tissue mass [12] .
Incisional biopsy is the current standard of diagnosis, but interest in less invasive methods has prompted the investigation of fine-needle aspiration biopsy (FNAB) because it is minimally invasive, relatively easy to perform, and less expensive [13] . In a retrospective analysis of 23 cases of ABCs initially evaluated by FNAB, Creager et al. concluded that FNAB lacked the specificity to accurately diagnose ABC [13] . Layfield et al. also expressed concern regarding the non-specific findings yielded from FNAB [14] . As such, incisional biopsy remains the standard for ABC biopsy. Little has been documented regarding the accuracy of core needle biopsy in diagnosing ABCs, and thus, the AAOS continues to define open biopsy as the current standard of care [15] .
Historical management of ABCs
The original description by Jaffe and Lichtenstein of ABCs included treatment by curettage and reconstructing the defect with bone graft, which remains the mainstay of modern treatment [1] . As the understanding of ABCs evolved and clinical series were published showing high recurrence rates, treatment strategies expanded. Below describes several approaches to the treatment of ABCs that have been used historically but currently are used only in atypical cases.
En bloc excision
En bloc excision, or complete resection, is associated with the lowest rates of recurrence but at the cost of high morbidity to the patient. Studies pertaining to en bloc excision of ABCs report 95-100 % localized control [16] [17] [18] [19] . Flont et al. retrospectively reviewed 26 patients undergoing en bloc excision and reported no recurrences; however, morbidity (postoperative pain, limb length discrepancies, muscle weakness, and decreased ranges of motion) was increased with en bloc procedures compared to intralesional procedures [20] . Given the significant morbidity of en bloc excision, this procedure is now considered in cases of recurrent lesions refractory to less invasive treatment and those lesions in locations in which function is not compromised with such a resection [20] .
Radiotherapy
Radiotherapy consists of external beam radiation to induce cellular death. Although radiation is most notably utilized in the treatment of malignancies, radiotherapy has historically been used to treat ABCs primarily, as an adjuvant therapy in cases of recurrence, and in inoperable ABC lesions [21] . However, radiotherapy is not without risk. Marcove et al. reported one case of radiation-induced sarcoma [22] . Papagelopoulos et al. also observed one case of radiation induced sarcoma in a review of 52 patients with spinal ABCs treated with radiation [23] . Furthermore, radiotherapy has been implicated as an iatrogenic cause of spinal deformity [21, 24] .
Although the adverse effects of radiotherapy should be taken into consideration, it is possible that modern advances in radiotherapy have rendered this treatment safer than previously considered [21, 25] . In a 2015 case series of 12 patients treated with radiotherapy for ABC, Zhu et al. reported no recurrence and no complications at final follow-up [26] . Feigenberg et al. reported that radiotherapy administered with 26-30 Gy with techniques to minimize scatter was effective and minimally toxic in the treatment of inoperable or recurrent ABC lesions [21] .
Radionuclide ablation involves the intralesional injection of radioisotopes, which emit ionizing radiation that ablate adjacent tissue [27] . To our knowledge, there exists one report by Bush et al. who reported successful control of five axial skeleton ABCs with intralesional injection of chromic phosphate P32 [28] . They reported one complication of leakage of a small amount of the radiopharmaceutical, which was cleared by the patient without any negative effects [28] .
Current management of ABCs
The standard of care for ABCs is curettage with or without bone-graft depending on the resultant void. Despite best efforts at curettage, clinical series have shown highly variable recurrence rates, with some series showing rates as high as 59 % [29] . As a result, various adjuvants have evolved to reduce recurrence including the use of cement, high-speed burr, argon beam, phenol, and cryotherapy. Currently, there exist no high-level controlled, comparative studies regarding adjuvant efficacy, and the specific adjuvant strategy utilized is largely institution dependent. As such, the literature on adjuvant efficacy consists largely of case-series from single institutions. 
High speed burr
After intralesional resection of an ABC lesion, a high-speed burr can be used to augment curettage by mechanical disruption of the lesion to the level of the circumscribing bone. In a case series of 40 patients, Gibbs et al. reported local control rates of nearly 90 % after a median 7.2-year follow-up by curettage and high-speed burr without the use of liquid nitrogen, phenol, or other adjuvants [30] . Dormans et al. reported that their surgical technique, which included the use of a highspeed burr resulted in an 82 % cure rate [31] . Wang et al. concluded that high-speed burr in conjunction with curettage and bone graft was a reasonable approach to ABC treatment as they reported only one recurrence out of 31 patients in their case series. However, high-speed burr has not been shown to decrease local recurrence in all studies. In a retrospective comparative study, Lin et al. reported no detected effect in the 5-year disease-free survival associated with the use of a highspeed burr [32] .
Argon beam coagulation
By utilizing a beam of inert argon gas, the argon beam coagulator produces a unipolar electrical current through tissue to induce desiccation and coagulation [33] . Directing argon beam therapy at an ABC lesion following curettage has been shown to reduce recurrence rates. Cummings et al. reported that using the argon beam on the edges of the remaining lesion after curettage yielded a recurrence rate of 0 % [34] . Steffner et al. reported that curettage, high-speed burr, and the use of argon beam coagulation produced a recurrence rate of 7.5 % compared to 20.6 % after curettage and high-speed burr alone [35] . However, Steffner et al. reported a 12.5 % postoperative fracture rate with argon beam compared to none in the curettage and burr group, which is postulated as stemming from the argon beam resulting in desiccation and osteonecrosis [35] . The widespread adoption of argon beam coagulation has been stifled as argon beam technology may not be part of the armamentarium of many operating rooms and surgeons may be unfamiliar with the technique [36] .
Phenol
Phenol, also known as carbolic acid, is produced in mass quantities from petroleum, and it is a precursor to various materials including plastics, pharmaceuticals, and analgesics. In the treatment of ABCs, phenols have been used to Bsterilize^or wash the lesion, removing remaining neoplastic cells following curretage [37] . In a retrospective case series, Capanna et al. reported a 7 % recurrence rate following curettage and phenol versus 41 % with curettage alone [37] . Bitzan et al. reported that curettage and phenol therapy employed in nine patients resulted in no recurrences [38] . In a retrospective comparative study of 85 patients, Kececi et al. found no statistically significant difference between curettage alone, curettage with high-speed burr, and curettage, high-speed burr, and phenol/alcohol in combination [39] .
Cryosurgery
Cryosurgery entails the use of liquid or aerosolized nitrogen to generate freezing temperatures that have a cytotoxic effect on the ABC lesion following curettage. Despite low rates of recurrence, cryosurgery has not been widely adopted likely due its unfamiliarity and complication profile which includes postoperative fracture and skin necrosis/wound infection as high as 14 and 8 %, respectively [22, [40] [41] [42] . Marcove et al. reported a recurrence rate of 17.6 % with curettage and the pouring of liquid nitrogen, which reduced to 4 % after a second cryosurgery [22] . With regard to aerosolized nitrogen, studies suggest that low rates of recurrence are achievable. Schreuder et al. reported a 3.7 % recurrence rate with nitrogen spray, and in a series of 80 patients treated with curettage and nitrogen spray, Peeters et al. reported a 5 % rate of recurrence, which was all treated successfully after another treatment of cryosurgery [41, 42] .
Cement
Following curettage, bone graft reconstruction is commonly employed to promote osseous healing of the resultant cavity. Similarly, polymethylmethacrylate (PMMA) cement in pediatric benign bone lesions can provide immediate stabilization for the resultant cavity, and it can act as a recurrence reducing adjuvant through its exothermic effect as the cement hardens [43] . With regard to reduction of recurrence, the evidence is mixed on the efficacy of cement. Ozaki et al. reported lower recurrence with curettage and cementing compared to curettage and grafting alone, 17 and 37 %, respectively [44] . In a retrospective comparative study examining the effect of cement versus bone grafting in benign pediatric bone lesions, Wallace et al. reported similar complication and recurrence rates, and Mankin et al. also reported similar rates of recurrence when using bone graft or cement [19, 43] . The application of PMMA to the predominantly pediatric population that is afflicted with ABC warrants consideration with regard to its long-term effects: PMMA is biologically inert without the potential for osseous incorporation, has no growth potential, can lead to stress shielding, thereby increasing the risk of future pathologic fracture, and as a foreign body, may act as a nidus for infection.
Alternative strategies
In addition to curettage with local adjuvant therapies, some have proposed alternative treatment modalities. These strategies have been proposed mostly by those outside the orthopedic community and are rarely employed by orthopedic oncologist but should be considered within the medical community's armamentarium.
Adjuvant radiotherapy
Adjuvant radiation therapy is associated with excellent control of ABCs, ranging from 83 to 100 % local control [22, 24, 26, 29, 45] . However, complications from radiotherapy include chronic effects that can impair function and secondary malignancies, which have prevented its adoption into widespread practice. Feigenberg and Marks et al. argue that instances of radiation induced complications reported in the literature were in part the result of outdated techniques and technology [21, 25] . To our knowledge, there exists no evidence with longterm follow-up regarding modern adjuvant radiation therapy in the treatment of ABCs.
Arterial embolization
Selective arterial embolization (SAE) can be used as an adjunct to surgery, but it has also been employed as a primary treatment in ABC lesions that are difficult to access (i.e., pelvis, sacrum, etc.) or are at considerable risk for hemorrhage. According to Rossi et al., SAE provided local control in 94 % of patients, although second or third embolization attempts were needed for 39 % of patients to achieve control [46] . Complications occurred in 5 % of patients, which included skin necrosis and transient paresis [46] . High rates of local control have also been reported in treating spine ABCs [47, 48] . Despite these results, SAE remains a limited treatment option, as lesions may lack identifiable feeding vessels or may be perfused by vessels that also feed nearby vital tissues and organs. Especially concerning are spinal ABCs perfused by the artery of Adamkiewicz, the embolization of which can cause irreversible neurologic deficits [28] . Inadvertent arterial embolization can potentially impart devastating effects, and its indications should be scrutinized accordingly.
Present therapy
Sclerotherapy
Sclerotherapy acts by damaging the endothelium of vessels, triggering the coagulation cascade, and resulting in thrombosis. By inducing sclerosis of the ABC's vascular network, local control of the lesion can be achieved. Ethibloc is a radiopaque alcoholic solution that causes local fibrogenic and thrombogenic effects upon contact with ABCs [49] . Ethibloc has been associated with healing rates as high as 92 %, with nearly 25 % of patients requiring a multiple treatments [50] . Unfortunately, sclerotherapy with Ethibloc has been associated with various complications such as local inflammatory reactions in up to 94 % of patients, aseptic bone necrosis, pulmonary embolism, deep venous thrombosis, and cerebellar infarct leading to death which have led some institutions to reduce its utilization of Ethibloc [49, [51] [52] [53] .
Polidocanol (hydroxypolyaethoxydodecan) is another sclerosant commonly used by dermatologists for the treatment of varicose veins. In a review of 72 patients with a mean follow-up of 34 months, Rastogi et al. found a clinical response of 84.5 % with an average of three injections per patient [54] . In a randomized trial, Varshney et al. compared polidocanol sclerotherapy with curettage, high-speed burr, and bone graft: polidocanol had a healing rate of 93.3 % compared with 84.8 % for curettage, although this difference did not reach statistical significance [50] . There was no statistical difference in healing rates; however, it should be noted that sclerotherapy with polidocanol provided faster pain relief, better functional outcomes, and avoided the morbidity and costs associated with surgery [50] .
Emerging techniques in the management of ABCs
Given concerns that our community has historically been overly aggressive in treating these benign bone lesions, some groups have investigated less aggressive surgical techniques and medical managements in the hopes of achieving equivalent results with fewer complications.
Curopsy
BCuropsy^is a recently described percutaneous technique that has gained interest due to its limited invasiveness and favorable rates of local control. According to Reddy et al., the technique evolved after it was observed that some ABCs healed following biopsy alone [55•] . Under general anesthesia in the operating room, a percutaneous or Bsmall open biopsyû tilizing a 5-10-mm incision is performed to obtain diagnostic material with a core needle biopsy and pituitary rongeur or curette. The rongeur or curette was used to obtain lining membrane from various parts of lesion. It is hypothesized that the curopsy destroys a sufficient amount of internal cyst architecture to induce healing of the lesion.
Reddy et al. reported a local recurrence rate of 19 % with curopsy as compared to 10 % with traditional curettage, a statistically significant difference [55•] . However, curopsy patients avoided the morbidity associated with curettage and the use of adjuvants. The authors attribute part of their success in the selection of appropriate patients for curopsy, which was biased towards smaller, less aggressive lesions with imaging suggestive of a primary ABC. To date, only one study describing the results of this technique exists, although it has gained widespread interest among tumor surgeons.
Percutaneous doxycycline
Doxycycline is an antibiotic with known anti-neoplastic properties including the inhibition of matrix metalloproteinase and angiogenesis, both of which play a role in ABC expansion within bone [56, 57] . Due to these anti-neoplastic properties, doxycycline has recently been proposed as a treatment for ABCs. In a preliminary study of ABCs treated with percutaneous placement of intralesional doxycycline, Shiels et al. reported evidence of healing and cortical thickening in all 20 cases reviewed with a recurrence rate of 5 % at a mean followup of 20 months. In 2016, Shiels et al. reported healing in all 16 cases of juxtaphyseal ABCs treated with percutaneous doxycycline with a 6 % recurrence rate at a mean follow-up of 18 months. Currently, this experimental treatment has not been widely adopted due to concern over repetitive treatments as well as the fact that it has yet to be replicated in other institutions.
Bisphosphonate medical therapy
Bisphosphonates are pyrophosphate analogs that inhibit osteoclast-mediated bone resorption. In addition, bisphosphonates exhibit anti-neoplastic characteristics possibly by inducing apoptosis, inhibiting tumor cell adhesion and invasion, and through indirect means such as inhibition of angiogenesis [58] . Cornelis et al. reported varying degrees of lesion ossification and near universal pain relief following bisphosphonate treatment for symptomatic, inoperable benign bone tumors including ABCs [59] .
RANKL inhibition and the role of denosumab
The receptor-activator of nuclear kappa B ligand (RANKL) signaling pathway is an important mediator in bone homeostasis by promoting osteoclast activation, and hence bone resorption and remodeling. RANKL expression is seen in a variety of benign and malignant bone neoplasms, and there is growing evidence that ABCs have higher than normal levels of RANKL expression [60] . Denosumab is a human monoclonal antibody that directly inhibits RANKL signaling approved under several indications: to treat osteoporosis; to reduce the untoward effects of bone metastases from solid tumors; and to treat skeletally mature adolescents and adults with giant cell tumor of bone. Dubory et al. propose that denosumab is a potentially effective neoadjuvant therapy for osteolytic bone lesions including ABCs [61•] . By reducing tumor size, denosumab has been found to reduce potential morbidity of surgical interventions. Similarly, Skubitz et al. and Pelle et al. observed pain relief, good drug tolerance, and radiographic evidence healing in patients with sacral ABCs [62, 63] . Tumor regression, pain reduction, and resolution of neurologic symptoms were also reported in a separate case series of two spinal ABCs following denosumab treatment [64•] .
Like bisphosphonates, denosumab has been linked to rare instances of osteonecrosis of the jaw, and in a study of denosumab safety in postmenopausal women with osteoporosis, side effects included infection, eczema, and hypocalcemia [65, 66] . The long-term effects of denosumab in skeletally immature pediatric patients are unknown, as is the optimal treatment regimen needed for disease control. That being said, denosumab is a potentially safe and promising modality for medically managing ABCs that requires further investigation with prospective clinical trials.
Conclusion
Aneurysmal bone cysts are aggressive benign lesions with high rates of recurrence rendering its treatment uniquely challenging. The standard of treatment remains curettage and grafting to fill the bone void, but the adjuvant or alternative treatment methods to reduce recurrence are numerous. Most commonly, orthopedic oncologists use curettage, a high-speed burr and local adjuvants that are available in their institution to remove the tumor prior to reconstruction. As more institutions have argon beams available, this seems to be an increasingly adopted technique given its ease of operation and limited side effect profile. ABCs in anatomic locations where surgery would cause significant morbidity are most often treated with embolization or radiotherapy and with increasing frequency, medical management with denosumab.
Philosophically, the physician must balance the morbidity of treatment against recurrence reduction. Given the lack of highlevel comparative trials in the use of adjuvants or alternative methods, treatment decisions are largely based on personal experience and institutional preference. The future of care for ABCs may lie in stratifying those lesions at low, moderate, or high risk for recurrence and treating them accordingly with the modalities described in this review. However, currently, the treatment strategy of choice relies largely on the approach of the treating physician: minimize risk at the cost of increased recurrence and potentially repetitive treatment, or, accept risk with a more invasive, definitive procedure to reduce recurrence. Nicholas M Bernthal reports personal fees from Onkos and grants from NIH, OREF, POSNA, and MTF outside of the submitted work.
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